Strong spin-orbital coupling (SOC) was found previously to lead to dramatic effects in quantum materials, such as those found in topological insulators. It was shown theoretically that local noncentrosymmetricity resulting from the rotation of RuO 6 octahedral in Sr 3 Ru 2 O 7 will also give rise to an effective SOC 1,2 . In the presence of a magnetic field applied along a specific in-plane direction, the Fermi surface was predicted to undergo a reconstruction. Here we report results of our in-plane magnetoresistivity and magnetothermopower measurements on single crystals of Sr 3 Ru 2 O 7 with an electrical or a thermal current applied along specific crystalline directions and a magnetic field rotating in the ab plane (Fig. 1a) , showing a minimal value for field directions predicted by the local noncentrosymmetricity theory.
be suppressed as the field was applied perpendicular to the thermal current, which suggests that the spin and the momentum in Sr 3 Ru 2 O 7 are locked over substantial parts of the Fermi surface, likely originating from local noncentrosymmetricity as well.
Strontium ruthenates in the Roddlesden-Popper (R-P) series of Sr n+1 Ru n O 3n+1 with a layered perovskite structure 3 have attracted much attention since the discovery of superconductivity in the single-layer (n = 1) member of the series, Sr 2 RuO 4 4 and the subsequent demonstration of spin-triplet pairing in this material 5 . Work on other members of the series was motivated originally by the idea that the study of these materials would provide insight into the mechanism of spin-triplet superconductivity in Sr 2 RuO 4 . Interestingly, these other members were found to feature novel phenomena themselves. In particular, the bilayer member, Sr 3 Ru 2 O 7 , was found to be characterized by an anisotropic first-order metamagnetic transition 6 . When the field is along the c axis, the metamagnetic transition was found below ∼1 K around 8 T. The end point of the first-order phase transition line was found around 100 mK 7, 8 , leading to the presence of a quantum critical end point (QCEP) 6, 9 . Near the QCEP, when the field was tilted slightly away from the c axis, the resistivity obtained with the measurement current perpendicular to the direction of the tilt is dramatically different from that obtained with the current parallel with the tilt in a narrow field range, a finding attributed to the emergence of a nematic phase 10 , Nematic Phase I, which was tied to the presence of the QCEP. For the in-plane field, the metamagnetic transition was found below ∼1.2 K around 5 T, very different from those found for the c-axis field. A QCEP was found to be present only under a hydrostatic pressure 11, 12 . A large difference between values of resistivity obtained with the in-plane field applied parallel with and perpendicular to the measurement current was again found, but over a very large field range, and unrelated to the presence of QCEP. Even though this anisotropy was again linked to the presence of a nematic phase 10, 13 , Nematic Phase II, this phase must be very different from the 2 Nematic Phase I because the four-fold symmetry is already broken by the presence of the field.
As a result, an anisotropy is expected to begin with.
The effect of the field orientation on metamagnetism in Sr 3 Ru 2 O 7 was attributed theoretically to a staggered SOC induced by local noncentrosymmetricity, the breaking of local inversion symmetry due to the rotation of the RuO 6 octahedra about the c axis for about 6.8 degrees in . Under a magnetic field applied along the c axis, both L z and S z remain good quantum numbers. As a result, the effect of the SOC would be limited to the modification of the parameters in the Hamiltonian but not form of the Hamiltonian. Under the application of an in-plane field, however, staggered magnetic moments are induced on the A and B sublattices featuring an opposite canting angle with respect to the field direction, resulting in a net moment along the field direction and zero moment perpendicular to the field 1 .
In the presence of an in-plane field, the local noncentrosymmetricity in Sr 3 Ru 2 O 7 will also lead to the reconstruction of the FS through Pomeranchuk-type of effect, leading to corresponding change in the properties of the material 1,2 . As shown in Fig. 1b , the FS of Sr 3 Ru 2 O 7 calculated in the tight-binding approximation and measured by angle resolved photo emission spectroscopy (ARPES) measurements 14 features six bands: one electron-(the δ) and two holelike (the α 1 and α 2 ) bands centered at the Γ point, other two electron-like (the β and γ 1 ) bands around the M point, and finally, a very small hole-like (γ 2 ) band near the X point. Among these bands, the γ 2 pockets were found to be extremely close to a van Hove singularity 14 . Under a sufficiently strong in-plane field applied along the Γ − X direction, the two γ 2 pockets of the FS in the direction of the field were predicted to be gapped out while each of the other two γ 2 pockets in the direction perpendicular to the field splits into two. Therefore, within this picture, the sample resistivity and thermopower, which are dependent on the scattering rate and the entropy of the charge carriers, respectively, would be expected to reach a minimum as the in-plane field is rotated to the Γ − X direction.
We explored in the present work the effect of local noncentrosymmetricity by performing (Fig. 1a) to ensure that the applied electrical or thermal current is along the desired direction in real and Figs. 1e and f, the Nernst signal, e y , taken on crystals of both cuts with a 6 T magnetic field applied along the c axis, is plotted as a function of temperature. Above 50 K, the Nernst signal was found to be very small. The magnitude of Nernst coefficient e y is seen to increase, reaching a maximum around 10 K, a temperature that is only slightly lower than the temperature at which a change of slope was seen in S(T ). It is interesting to note that at 17 K, a peak was seen in the temperature dependent magnetic susceptibility 16 The systematic behavior seen in the thermopower and Nernst effect measurements is striking.
According to the Heikes formula 20, 21 ,
where µ is the chemical potential and σ is the entropy per electron, respectively. Therefore the thermopower measures the entropy of charge carriers on the FS. Furthermore, according to 5 the Mott formula 22, 23 , the sign of S for a particular band is determined mainly by the slope of A(E) where A is the FS area. The ARPES studies showed that the FS sheets from the α 1,2
and γ 2 bands are hole-like, leading to a positive contribution to S whereas Fermi surface sheets from the δ, β and γ 1 bands are electron-like, resulting in a negative contribution to S. Given that a positive rather than negative total S was obtained for Sr 3 Ru 2 O 7 at all temperatures, contribution from holes on the α 1,2 and γ 2 sheets of FS should dominate the thermopower.
Measurements on the dependence of magnetothermopower on the angle between the inplane magnetic field H and −∇T , S(θ), where θ = 0 o corresponds to the case that the in-plane magnetic field is parallel with −∇T , were carried out. S(θ) taken on crystals of both cuts with an in-plane field of µ 0 H = 6 and 9 T showed that S(θ) possesses a four-fold symmetry, which is required by the crystalline symmetry. A significant observation, however, is that the minimal values in the thermopower were found when the in-plane field was aligned along the In addition to a four-fold symmetry and minimal values in the Γ − X direction, a strong two-fold anisotropy was also observed in S(θ). As seen in Fig. 2 , at T = 17 K, the thermopower is suppressed when the in-plane field is perpendicular to −∇T for the 45 o -cut crystal for µ 0 H = 6 and 9 T, while for the 90 o -cut crystal, the opposite was found under the same condition.
Similarly, two-fold anisotropy was observed at T = 20 K and several higher temperatures (Figs.   4a and b) . Because of the presence of an in-plane field, the two-fold anisotropy is also expected.
Note that the in-plane fields used here, µ 0 H = 6 and 9 T, would have placed the system in the in-plane metamagnetic phase as the critical field of the transition is around 5 T. However, the temperatures at which the measurements were carried out were all higher than the critical temperature of the in-plane metamagnetic phase, ∼1.2 K. At the lowest measurement temperature, 2 K, even though the two-fold anisotropy in S(θ) remains unchanged at 6 T, a dramatic change was found as the in-plane field was raised to 9 T. For crystals of both cuts, a two-fold anisotropy featuring a strong suppression of thermopower by an in-plane field applied perpendicular to −∇T was found. The anisotropy change for the 90 o -cut crystal featuring a 180-degree flip is particularly striking. Similarly, a two-fold anisotropy component is also seen in the normalized magnetoresistance, ρ/ρ max , but less anisotropic than that seen in the thermopower, and only in the 90 o -cut crystal, as shown in Figs. 3a-d.
The above observation can be understood in the following scenario. Given that the two γ 2 pockets in the direction of the field are gapped out, and the other two γ 2 pockets do not contribute to thermopower or magnetoresistivity, as described above, a two-fold anisotropy in S(θ) on crystals of both cuts, and the same in ρ(θ) on the 90 o -cut crystal, suggest that the entropy of charge carriers, possibly the scattering rate as well, is reduced when a sufficiently strong in-plane field is applied perpendicularly to the momenta of the charge carries on the FS, which in turn suggests that spins are locked perpendicularly to their momenta on substantial These observations suggest that spin-momentum locking in this material is insensitive to the 8 temperature and the field, consistent with the local noncentrosymmetricity picture.
The spin-momentum locking and the nematicity found in Sr 3 Ru 2 O 7 10,13 may be related.
Evidently the c-axis nematic phase discovered originally is likely related to global physics such as Pomeranchuk type of Fermi surface instability near QCEP. In contrast, the in-plane-field nematicity, which seems to be less unexpected as the four-fold symmetry is already broken by the presence of the in-plane field, may be linked to local properties of the system such as the local noncentrosymmetricity and resulted SOC. Finally, it is interesting to ask whether this effective SOC will lead to a topological phase. More theoretical studies are needed to understand our unexpected finding of the possible spin-momentum locking in Sr 3 Ru 2 O 7 .
Methods
Single crystals of Sr 3 Ru 2 O 7 were grown by the floating zone method, as reported previously 26 , and characterized by the x-ray diffraction, magnetization, and electrical transport measurements to ensure their quality (Supplementary Information 2) . No secondary phases were detected in these screening measurements. Magnetoresistivity and thermoelectric measurements were carried out in a Quantum Design PPMS-9 system (featuring a base temperature of 1.8 K)
using a steady-state technique. In this setup, a thermal gradient, −∇T , applied along the cut direction, 45 o or 90 o with respect to the a or b axis. The temperature gradient was determined by a pair of differential type E thermocouples, and was set to around 0.5 K/mm. 
